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PREFACE 


The work described in the following pages constitutes part of a 
research program which had for its purpose the systematic investi- 
gation of the physical properties and chemical behavior of glasses at 
high temperatures. The present publication constitutes the seventh 
contribution* from the Ceramics Laboratory of the University of 
Illinois in this general field. Part I of this bulletin is based on a 
thesis presented by G. R. Shelton to the Graduate School of the 
University of Illinois in June, 1922, in partial fulfillment of the re- 
quirements for the degree of Doctor of Philosophy in Ceramic 
Chemistry; Part II is based on asimilar thesis presented at the same 
time by E. E. Libman for the same degree. 

: The results presented in Part I of this bulletin were made possible 
_ through the aid of a fellowship created by the Committee on Ceramic 
Research, a joint committee of the National Research Council and 
the American Ceramic Society, and a grant of two thousand dollars 
from the Corning Glass Works. The Corning Glass Works further 
assisted the investigation by supplying samples of glass, by analyzing 
some of the stock glasses used in the experiments, and by furnishing 
some of the equipment required. _ 


EpwaRrp W. WASHBURN 


*Previous publications in the order of their appearance are: 1. ‘The Presence of Iron in the Fur- 
nace Atmosphere as a Source of Color in the Manufacture of Optical Glass,’’ E. W. Washburn, Jour. 
Amer. Ceram. Soc., Vol. 1, p. 637, 1918; 2. ‘Some Aspects of Scientific Research in Relation to the 
Glass Industry,” E. W. Washburn, Ibid., Vol. 2, p. 855, 1918; 3. “‘A Factory Method for Measuring 
the Viscosity of Pot-Made Glass during the Process of Manufacture together with some Discussion of 
the Value of Viscosity Data to the Manufacturer,” E. W. Washburn, Ibid., Vol. 3, p. 735, 1920; 4. “The 
Viscosity-Temperature Curves of Six Varieties of Optical Glass,’’ E. W. Washburn and G. R. Shelton, 
Phys. Rev., Vol. 15, p. 149, 1920; 5. “Dissolved Gases in Glass,’”? E. W. Washburn, F. F. Footitt, and 
i. N. Bunting, Univ. of Ill. Eng. Exp. Sta., Bul. No. 118, 1921; 6. “Note on the Effect on Manganese 
in Glass Melted under Reduced Pressure,” E. N. Bunting, Jour. Amer. Ceram. Soc., Vol. 5, p. 594, 


1922. 
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THE VISCOSITIES AND SURFACE TENSIONS OF TH 
SODA-LIME-SILICA GLASSES AT HIGH . F 


a 


TEMPERATURES F 
Part I 


THE VISCOSITY OF GLASS AT HIGH TEMPERATURES 


I. INTRODUCTION 


1. Scope of Investigation —This investigation had for its pur- 
pose the determination of the relations between viscosity, tempera- 
ture, and composition for that portion of the soda-lime-silica system 
within which the common commercial glasses of this type are found. 
The temperature range covered is from 1500 deg. C. down to a tem- 
perature, varying with the composition of the glass, at which the 
viscosity becomes so great as to make stirring impracticable. The 
lowest temperature at which measurements were made on any glass 
was 801 deg. C. A sufficient number of compositions were studied 
to permit the construction of the viscosity-composition surface for 
seven temperatures, viz., 1500, 1400, 1300, 1200, 1100, 1000, and 
900 deg. C., and with the aid: of the models thus constructed the 
viscosity of any glass at any temperature within the composition and 
temperature limits covered may be at once determined. 


II. Historicau : 


~ 


2. Previous Investigations on the Viscosity of Glass at High Tem- 
peratures.—Up to the present time our knowledge of the viscosity 
of glasses at high temperatures has been very fragmentary.* In most 
instances the data available are valuable for purposes of comparison 
only, and for that purpose only within the group of glasses studied 


*Jaeger, in his ‘‘Introduction to the Technique of Exact Physico-Chemical Measurements at High 
Temperatures” (J. B. Walters, publishers, Groningen, 1918) has the following to say concerning the 
difficulties involved in measuring the viscosity of viscous glasses at high temperatures: ‘‘The enormous 
viscosity of molten silicates in combination with the exceeding pliability of platinum at temperatures 
of 1400°C. and above, together with the attendant unavoidable changes in the surface of the platinum 
bodies whose movement through the viscous liquid must be measured, are responsible for the great and 
up-to-the-present insurmountable difficulties of experimental investigation in this field. No con- 
scientious scientific investigator who understands anything of experimental science, would ascribe 


any real significance to the measurements which, up to the present, have been made on the viscosity of 
high melting silicates.’ 
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by the individual investigator. With but one or two exceptions the 


_ methods employed have not given absolute values for viscosity, and 


such values as have been obtained have been only roughly approxi- 


mate. 


; In the following paragraphs a summary of the previous work in 
this field is given in chronological order. 


3. The Experiments of Greiner.—Greiner*. observed the rate 
at which a platinum rod was withdrawn from molten glass under 
the influence of a known constant force. The reference glass was 
Na,SiO;. To this glass were added different substances in various 
proportions and the relative viscosities were measured up to 1375 
deg. C. 


4. The Experiments of Arndt.—Arndtt used a modification of 
the Stokes methodt in that he observed the rate of fall of an 
oblong platinum body through molten commercial glass of the per- 
centage composition 


SiO. CaO K,0 Na.O Al.Os 
q220 Deo 4.5 1520 3.0 


The apparatus was standardized with castor oil. The data obtained 
from the preliminary tests were as follows: 


Viscosity in poises§.............. 3600 1700 1130 
emperavure, der, O. .. ose. se 1050 1100 1200 


5. Veseley’s Experiments with Glass Beads.—In Veseley’s] 
experiments a bead of glass was held vertically between two hooks of 
platinum wire. The lower hook was weighted and the time required 
for this hook to pass through the glass and make contact with the 
suspending hook was measured. The reference glass employed had 
the percentage composition 


SiOz NazO K,0O Al.O3 Fe.03 CaO 
69.95 13.65 1.00 2.28 0.35 12.65 


*Greiner, E., “Uber die Abhangigkeit der Viskositat in Silikatschmelzen von ihrer chemischen 
Zusammensetzung,” Dissertation, Univ. of Jena, 1907. 

+Arndt, Kurt, ‘‘Die Messung der Zihigkeit,”’ Z. Chem. Apparatenkunde, Vol. 3, p. 549, 1908. 

{Vide infra, Sec. 25. ; 

§The poise is the tangential force per sq. em. of area of either of two horizontal planes one cm. apart, 
one of which is fixed, while the other moves with unit velocity, the space between being filled with the 
viscous liquid of unit viscosity (Maxwell). 

qVeseley, V., “Uber die Viscositat des Glasses,” Sprechsaal, Vol. 44, p. 441, 1911; and ‘Fluxes in 
the Manufacture of Glass,” Arch. Physik. Chem. Glasses Keram. Massen, Vol. 1, p. 33. 
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6. Staley’s Experiments with Borate Glasses.—Staley* investi- — 
gated the viscosities of certain borate glasses. He used a method — 
similar to that employed by Arndt. A hollow platinum cylinder was 
suspended in molten glass by a platinum wire attached to the end 
of an arm of a balance. The rate at which the cylinder traveled — 
through the melt was shown upon a scale. 4 


7. Doelter’s Experiments with Artificial Diopside.t—The viscosity 
of molten artificial diopside was measured by timing the fall of a 
platinum sphere through the melt, using an apparatus similar to that _ 
of Arndt. 


8. Variation of Viscosity with Temperature.—By measuring the 
rate at which a platinum rod penetrated a mass of glass at different 
temperatures, Williams and Cox{ obtained some comparative values 
for the change of the viscosities of various glasses with the temper- 
ature. 


9. Feild’s Experiments with Blast-Furnace Slags.—Using the 
method of rotating cylinders,$ Feild§ measured the viscosities of a 
series of blast-furnace slags between 1275 and 1575 deg. C., the 
viscosities varying between 1.5 and 30.0 poises. The apparatus was 
standardized with castor oil and the results are expressed in absolute - 
units. They represent the most accurate data heretofore available 
on the viscosities of any glass at very high temperatures. 


10. Twyman’s Method for Measuring the Viscosity of Glass at Low 
Temperatures.—In order to determine the viscosity of glass at low_ 
temperatures, the following method was used by Twyman:** A= 
carefully measured strip of glass was fixed at one end, loaded at the 
other with a known weight, and placed under observation in a suit- 
able tube furnace. At various temperatures the rate of fall of the 
weight was measured. For a definite stress, it was possible to find 
for any temperature the rate of increase of permanent strain, that is, 


*Staley, H. F., “‘The Viscosity of Borate Glasses,” Orig. Com. 8th Intern. Cong. of Applied Chem., 
Vol. 5, p. 127, 1912. 

tDoelter, C., “Uber die Viskositit der Silikatschmelzen,” Chem. Ztg., Vol. 36, p. 36, 1912. 

fWilliams, A. E., and Cox, S. F., ‘‘Notes on Barium Glasses,’’ Trans. Amer. Ceram. Soc., Vol. 18, 
p. 336, 1916. 

§Vide infra, Sec. 14. 

(Feild, A. L., “A Method for Measuring the Viscosity of Blast-Furnace Slag at High Tempera- 
tures,’’ U.S. Bureau of Mines, Tech. Paper No. 157, 1916. 

**Twyman, F., ‘“The Annealing of Glass,”’ Jour. Soc. Glass Tech., Vol. 1, pp. 61-74, 1917. 
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the extension or compression of unit length per hour, according as the 
stress was tensile or compressive. The stress was measured in kilo- 
_ grams per sq. cm., and it was varied in one particular set of experi- 
ments from 8.3 to 104. The general law that fluidity is doubled for 
every rise of 8 deg. C. was established and was expressed as follows: | 


pee kaa 


where ¢ is fluidity, k a constant of the glass, and t its temperature. No 
; numerical data are given in the paper. 
} 
: 
: 
; 


11. A Suggested Procedure for Applying the Stokes-Ladenburg 
Method.—In a recent paper by Masson, Gilbert, and Buckley* these 
authors suggest the use of X-ray photography to measure the rate at 
which a small platinum sphere falls through molten glass. The method 
would, however, necessitate the elimination of the serious errors arising 
from convection currents and from the presence of bubbles in the path 
of the falling sphere. 


12. The Viscosities of Optical Glasses.—Using an apparatus similar 
to the one employed in the present investigation, Washburn and Shel- 
ton} measured the viscosities of six varieties of optical glass between 
950 and 1300 deg. C. 


Ill. Tue Mernop AND APPARATUS 


13. The Choice of a Method.—The peculiar difficulties associated 
with the measurement of the viscosity of molten glass over a wide tem- 
perature range arise from the simultaneous presence of the following 
conditions: (a) a very wide viscosity range; (b) the poor heat conduct- 
ing properties of the liquid; (c) the invariable presence of small bubbles 
in the liquid; and (d) the very high temperatures at which the experi- 
ments must be carried out. If any one of these conditions were absent 
there would be several methods which might be considered as possible, 
but with all conditions present simultaneously it is practically necessary 
to employ a method which stirs the glass during measurement and which 
does not involve very small volumes of glass. 

*Masson, I., Gilbert, L. E., and Buckley, N., “A Suggested Method for the Determination of the 


Absolute Viscosity of Molten Glass,” Jour. Soc. Giass Tech., Vol. 5, No. 20, p. 337, 1921. 
+Washburn and Shelton, loc. cit. 
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The only method which seemed to be adapted to all of the condi- 
tions presented by the problem was that of rotating cylinders, and a 
modification of this was therefore adopted. In this method the liquid 
under investigation is confined between two co-axial cylinders, one of — 
which is rotated at a measured speed and the torque exerted upon the 
other, or the force required to produce the rotation, is measured. This 
method (originally used by Margules*) and modifications of it have been 
successfully employed for measuring the viscosity of a variety of fluids, — 
including gasest, watert, pitch, viscous solutions§, and blast-furnace 
slags.** 


14. Theory of the Rotating-Cylinder Method.—In this method, as 
employed in the present investigation, the glass was contained in an 
approximately cylindrical porcelain pot into which was dipped a hollow 
porcelain stirring cylinder. The stirring cylinder was rotated at a 
measured speed by means of a system of falling weights. This type of 
apparatus was adopted in preference to the one employed by Feild, 
since it was possible with a single apparatus to make measurements over 
a very wide range of viscosities, between 0.05 and 200 000 poises in this 
case. 

For an ideal apparatus composed of two co-axial cylinders with the 
liquid between them, the following theoretical relation exists: 


C Lex 
per miec @) 


where 7 is the viscosity of the liquid, C is the couple acting upon the 
rotating cylinder, h is the depth of liquid between the cylinders, w is the 
resulting angular velocity, r, is the radius of the inner cylinder and r 
that of the outer. In deriving this relation it is further assumed that the 


f 
*Margules, Max, “Uber die Bestimmung des Reibungs-und Gleitungs-coefficienten aus ebenen © 
Bewegungen einer Flissigkeit,’’ Sitzungsber. Akad. Wiss., Wein, Vol. 83, pt. 2, p. 588, 1881. 
ay re ae Lachlan, ‘‘An Absolute Determination of the Viscosity of Air,” Phys. Rev., Vol. 1, p. 
, 1913. 


es ae L. E., ‘‘The Viscosity of Water at very low Rates of Shear,’’ Phys. Rev., Vol. 26, pp. 98- 
‘Veinberg, B. P., and Smirnov, I. A., ‘Comparison of some Methods of Determining the Viscosity 
of Pitch,” Jour. Russ. Phys. Chem. Soc., Vol. 44, pp. 3-35. Chem. Abs., Vol. 6, p. 3353, 1912. 


§Searle, G. F. G., ‘‘A Simple Viscometer for very Viscous Liquids,’’ Proc. Camb. Phil. Soc., Vol. 
16, p. 600, 1912. 
*kFeild, loc. cit. 
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. end effects are negligible. It is at once evident that for a given apparatus 
employing a given height of liquid the above equation may be written 


W 
oars 2) 


where W is the mass of the falling weight which rotates the inner cylinder 
in the glass at S revolutions per minute and k is a constant of the appa- 
| ratus which is determined by calibration with liquids of known viscosity. 
_ Itis also evident that by making r sufficiently great a high accuracy in 
centering the inner cylinder will not be necessary, since the term con- 
taining r vanishes as r increases. It is further evident that if the cali- 
| brating liquid has the same viscosity as the liquid under investigation, 
_ the method becomes substantially one of substitution. This can be 
accomplished by calibrating the apparatus with a series of liquids of 
different viscosities, and making a graph of the relation between the 
factor k and the viscosity of the liquid employed. All uncertainty as to 
the influence of end effects, frictional influences in the apparatus itself, 
or failure of the theoretical equation for any other reason, can thus be 
eliminated. 


15. The Apparatus.—The apparatus employed in the present in- 
vestigation consisted of the following parts: (1) The outer porcelain 
cylinder or pot (and its cover) which contained the glass and the inner 
or “stirring” cylinder; (2) the furnace equipment; (3) the driving mech- 
anism for rotating the inner cylinder; (4) the special adjustable sup- 
porting stands; and (5) the temperature measuring equipment. 


16. The Porcelain Parts.—The pot, cover, and stirrer were made of a 
clay-feldspar-flint mixture which was thoroughly vitrified. The pot 
was 10 cm. in diameter at the top and 12 cm. deep. The surface of the 
stirrer was carefully smoothed before firing. The arrangement of these 
parts is shown in Fig. 1. 


17. The Furnace Equipment.—The construction of the heating 
apparatus is shown in Fig. 1. The glass pot was held stationary by three 
ridges around the top of the alundum resistor pot which fitted into 
notches on the rim of the glass pot. 


18. The Driving Mechanism.—The apparatus used to rotate the 
stirrer in the glass is shown in Fig. 2. By adjusting the thumbscrews, 


—s,.-° > 
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leads to Platinuin ike. Thermocouple 
Heating LIEMElISAA Leads 


a 


SS 


Fig. 1. Diagram SHOWING ARRANGEMENT OF PARTS OF 
VISCOSIMETER, HEATING CIRCUITS, AND 
THERMOCOUPLES 


the stirrer could be accurately centered in the pot. Falling weights 
suspended by silk threads rotated the stirrer a sufficient number of times 
to attain a constant speed. In order to keep the weight of the silk thread 
uniform, pieces long enough to compensate were attached to the 
weights when they were at their highest position. This excess coiled up 
on the floor as the weights descended. 


19. The Supporting Stands——Each leg of the three-legged iron 
stand was provided with a leveling screw. The furnace rested upon a 
second stand which was provided with an adjusting screw by means of 
which its height could be changed. 


— 
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Fig. 2. Tae Driving Mecuanism 


20. The Temperature Measuring Equipment.——The temperature 
was measured by means of three platinum—platinum-rhodium thermo- 
couples, and a potentiometer. These thermocouples were checked from 
time to time by comparison with a standard couple. The standard 
couple was calibrated at the copper, tin, and zinc points, using Bureau 
of Standards certified samples. 

One of the couples passing down the shank of the stirrer rested on 
the bottom of it. The other two couples were located near the platinum 
heating wires of the resistors of the cover and of the pot, respectively 
(see Fig. 1). 

The three couples were connected by a multiple switch to the same 
potentiometer, and readings on the three could be made in succession in 
a short time. The cold junctions were at room temperature and correc- 
tion was made for them. Temperature control was accurate to within 
about + two degrees. 

In assembling the apparatus, the stirrer was carefully adjusted so 
that it was accurately centered with reference to the sides of the pot 
and could be rotated without eccentricity. Further, the furnace was 
raised to such a position that the distance between the end of the 
stirrer and the bottom of the pot was 2.0 cm. The adjustment could be 
made to 0.5 mm. or less, which was entirely sufficient, since a decrease 
of 1.0 mm. in the distance between the stirrer and the bottom of the pot 
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was necessary in order to produce a one per cent decrease in the speed — 
of the revolving stirrer, as shown by the tests with the standardizing — 
glasses (see Table 12). 3 
Glass was fed into the pot until the molten mass stood 2.0 cm. deep 
on the shank of the stirrer. The pot cover was lowered and insulating 
material—Sil-O-Cel blocks—put on top. When the glass was sufficiently — 
fluid the stirrer was put in rotation and the readings were begun as soon 
as the temperature had become constant and uniform as shown by the 
identical readings of all three thermocouples. 


IV. PREPARATION OF THE STANDARDIZING LIQUIDS AND 
MEASUREMENT OF THEIR VISCOSITIES 


21. Selection of the Standardizing Liquids——In standardizing a 
viscosimeter intended for use over a wide range of viscosities it is de- 
sirable to have available a series of liquids of known viscosities covering 
the whole range to be included in the measurements, unless it is known 
that the “constant” of the viscosimeter is independent of viscosity. 
While the rotating-cylinder method has been used for measuring the 
viscosity of very viscous liquids, the possibility of a variation of the | 
“constant” of the apparatus, k in equation (2), with the viscosity of the 
liquid, seems not to have been investigated. One of the most viscous 
liquids whose viscosity has been carefully determined is castor oil, and 
this liquid has therefore been employed by several investigators* for 
standardizing viscosimeters intended for use with highly viscous liquids. 
Unfortunately, however, this liquid is not sufficiently definite in com- 
position to be entirely safe for standardizing purposes unless the viscosity 
of the particular sample employed be itself directly determined. 

It is further desirable that the standardizing liquids shall resemble 
as closely as possible the liquids to be investigated, unless it be known 
that the functioning of the viscosimeter is independent of the nature of 
the liquid. For this reason it seemed undesirable to employ oily liquids 
for standardizing the apparatus. After considering the various types of 
liquids which might be employed for this purpose, it was decided to use 
a series of glasses whose physical properties at room temperatures re- 
sembled in many respects the properties of molten silicate glasses at high 
temperatures. These glasses were prepared by mixing in proper propor- 


*e.g., by Feild, vide supra, Sec. 9. 
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tions, water, dextrose, and a grade of commercial glucose syrup known as 


_ confectioners’ glucose. Unfortunately, owing to the variability in the 


composition of the last-named ingredient, the glasses which were pre- 
pared and employed for standardization purposes cannot be reproduced 
exactly as regards composition. It is therefore necessary for any in- 
vestigator desiring to employ such glasses for a similar purpose to de- 
termine for himself their viscosities after preparing them. Fortunately, 
however, by the use of a suitable preservative these glasses can be ren- 
dered stable after they are once prepared.* 


22. Preparation of the Standardizing Glasses.—Pure confectioners’ 
glucose syrup diluted with water was used in making up a series of 
glasses of varying viscosities. To prepare glasses having a greater 
viscosity than the confectigners’ glucose, pure dextrose was added to the 
glucose. Such a mixture containing ten per cent of dextrose gives a 
glass which is so viscous that the containing vessel can be inverted for 
several hours at room temperature before the glass begins to flow 
appreciably. In fact, the viscosity of this material is so great that it 


was found impractical to use it as a standard, and it was subsequently 


further diluted with the glucose. 
The compositions and densities of the standardizing glasses are 
given in Table 1. 
TABLE 1 
CoMPOSITIONS AND DENSITIES OF THE STANDARDIZING GLASSES 


Glass No. 1 2 3 4 5 6 
Per cent Confectioners’ glu- a6 36 - 106 et pik 
i extrose extrose 
WOSESVEUD es 5.05 ss'e ee or see 
WIBNBISY4-2O° (20 rere oe v's 1.331 1.379 1.420 1.436 1.447 1.470 


23. Methods of Standardization—Three different methods were 
employed in measuring the viscosities of the standardizing glasses. 
Glasses Nos. 1 and 2 were measured by the capillary-flow method, all 
six glasses by the falling-sphere method, and glasses Nos. 5 and 6 by the 
capillary-penetration method. 


*By using chemically pure crystalline dextrose, together with small quantities of a standard batch 
of specially prepared dextrin, it should be possible to prepare viscous aqueous solutions of any desired 
viscosity which could be accurately reproduced by another investigator, using the same materials. 
The preparation and measurement of the viscosity of a set of such solutions would solve the problem of 
standard liquids for use in standardizing viscosimeters intended for measuring large viscosities. 
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24. The Capillary-Flow Method —Two viscosimeters of the Ostwald _ 
type, as illustrated in Fig. 3, were made of pyrex glass. Their dimensions | 
are given in Table 2. 

TABLE 2 
DIMENSIONS OF THE OSTWALD VISCOSIMETERS 


Viscosimeter 
- 4 
No. 1 No.2 94; k 
eee x 
Diameter of capillary ac... «/clols crer sale ale elaeie Weveieie)oigiane s1sierastel 0.0926 cm. 0.312 cm. a 
istateprokemall bulls A scaeuaes checker ow nae de wise Oe 16.60 ce. 15.24 ce. e 
Volume of large bulb B.... 1.1... s eee e cece reece tere eee 60.0 cc. 62.0 cc. 
Mean head..... y Srelseereshatestta ce eiete aTstelere twit letters ly Wuahere) Were Senetane 21.0 ecm. 21.0 cm. 


The bulb B was filled with the glass by means of a pipette. The 
tube c was connected with capillary a by a piece of rubber tubing as 
shown, and the apparatus was placed in a constant temperature bath for _ 
twenty-four hours. The bulb A was filled by suction, and the time of 
flow, at constant temperature, of the glass from mark a to mark b was 
taken. The instrument was standardized by the use of water at 25 deg. 
C. Corrections were made for the liquid remaining on the walls of the 
bulb and capillaries between a and 6. 


TABLE 3 


True VOLUME or Liquip FLOWING 
VISCOSIMETER No. 1 


—eeew°>v—°w_=—S|CCVQWwae7wnaeeeweww“=“=“=“=$“$“="=_«$0[q0T“@—=@qx“éyyoODO0O0yODnDWTuqoOoOannnDO39D9®”®”?”?)0”3: eee 


ce. 


ce. 


Woltamesot class No: 2 flowing throughs a. eonsteee ten an ee 15.019 
Volumeyot glass'No. 1 adhering to" walls: .. oc g.sen Montene ee nine cen ee »~0'196 
Volume of glass*No. 1 flowing through 1a: 40. en ene eee mn 15.047 
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Fig. 3. DIAGRAM OF THE OSTWALD 
TyprE VISCOSIMETER 


The viscosities were calculated from the relation 


n _ od 
a ara, 


(3) 


where # represents the time of flow, V the volume of flow, and d the 
density. The subscript zero indicates the values for water. 

Table 4 gives the results of the determinations with water and 
with glass No. 1 respectively, in viscosimeter No. 1, and Table 5 those 
with glasses Nos. 1 and 2 in viscosimeter No. 2. The values given are 
averages of several determinations. 
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TABLE 4 


REsvuuts or DETERMINATIONS WITH WATER AND Sranparp Gass No. 1 
IN VISCOSIMETER No. 1 . 
TEMPERATURE 25.0 DEG. C. DIAMETER OF CAPILLARY 0.0926 CM. 


ene 


Water Glass No. 1 . 
(80 glucose) \ 


Pinney Of AMO Wy SEOs rire! ciel ste a avact ole! ala ltheha <).ole) Cin.e hilo e alsiwialer aero ye eae 80.60 24 790.0 t 


Woltimeotiliq uid Os tae airtel oteteta ols) aveletviel oraie el eteletaheaete ates ate eles 16.59 16.43 

Density of liquid............ Savana cain ters aleve Sean, stelhayerciexetermratial- 1.0 1.331 

Viscosity of liquid, DOISES).. (6. 2.sic «1c © oc 0.6 cic laieislsieieis.e'ee\s,0.0\ vies 0.00894 3.696 
TABLE 5 


RESULTS OF DETERMINATIONS WITH STANDARD GuLAssEs No. 1 anv No. 2 


IN VISCOSIMETER No. 2 
TEMPERATURE 25.0 DEG. C. DIAMETER OF CAPILLARY 0.312 cm. 


Standard glass | Standard glass 
No. 1 N 


oO. oO. 

(80 glucose) (90 glucose) 
Time Of Hows, SCC!y vc wcivle-cia sate sleeve n-wlv rere ot sig Stace evel ste Clase, ePetaeNS 164.4 1567.5 
Wolumerof liquid, Gest. « calsse calcite eee istatowlere nies © ereaere eterna 15.05 15.02 
Pransity oF Waquieds.' cceve ears ors ssuace sieve Sreiere-eiaie' ess cra rata, aye eel arenes 1.331 1.379 
Wiscosity ofliquid; DOIseS!:-,,. > sie v cistr sealers careie ma a oeieteto eee 3.696 36.62 


The greatest source of error in these measurements is variation of 
temperature. In order to reduce error from this source to a minimum, 
the viscosimeters were kept at 25.0 deg. C. for twenty-four hours before . 


any readings were taken, and during the runs the temperature remained ~ 
constant. 


25. The Falling-Sphere Method.—When a small sphere falls through 
a liquid along the axis of the containing cylindrical vessel the viscosity 
of the liquid can be computed from the velocity of fall by means of 
Ladenburg’s modification of Stokes’ equation 


2 d—d’ 
os R R 


in which 4 is the coefficient of viscosity of the liquid of density d’, R 


(4) 


THE VISCOSITIES AND SURFACE TNESIONS OF GLASSES 21 


the radius of the falling sphere of density d, traveling with the velocity 
centimeters per second, r the radius of the containing cylinder, h the 
eight of the liquid, and g the acceleration of gravity. 

{ The spheres employed were (a) nickel-chromium steel balls manu- 

factured for ball bearings and (b) small drops of mercury. The method 
could not be used with water because of the difficulty of handling the 
extremely small mercury spheres necessary to ood the development of 

‘turbulent motion. 

} The rate of fall through the middle third of the distance was de- 
termined by the use of a cathetometer and a stop watch. Care was taken 
to dislodge all air bubbles clinging to the spheres. The data for Glass 
No. 1 are given in Table 6 and the results for the remaining glasses are 
given in Table 7. 


TABLE 6 


VISCOSITIES BY THE FALLING-SPHERE MretHop 
Glass No. 1 (80 glucose) 


1 2 3 4 
Madius of sphere, CM... .....-s-e0scces 0.01600 0.0175 0.0222 0.0307 
stance {Allen, GM. 0.060 ec0cs ocseree 25.982 25.982 25.982 25.982 
oc vniavod 0s ys ie ee eect 131.8 108.8 70.0 36.4 
Melocity,.CM. DCF SCC... .--- 2 seesenes 0.1971 0.2387 0.371 0.7135 
paemiperature, Geg. Cis. esse ccwes 25.0 25.0 25.0 5.0 
BRBCOSINV.POIRCR. 5c Sine cee eens bene = 3.44 3.39 3.53 4.19 
Mean viscosity, poises............ 3.64 + 0.28 
Density of sphere. ............%, q 13.53 Radius of cylinder,cm.......... ae 3 5 
Mensity of glass.7.. 6... -seseces 1.331 Height of Lass, Cis\, scr ceeseess (OOO 
Effective density d:.............- Sea 12.20 
TABLE 7 


VISCOSITIES BY THE FALLING-SPHERE METHOD 
Glasses Nos. 2, 3, 4, 5, and 6 


Glass No. 2 No. 3 No. 4 No. 5 No. 6 
98 100 Dextrose Dextrose 
aed sad a ‘ added added 
25° 35.6+0.3 755 = 12 5430 + 180 13 590 + 190 |165 800+ 1700 


(Viscosities given in poises.) 


A comparison of the viscosities at 25 deg. C. of glasses Nos. 1 and 
2 as determined by the Ostwald viscosimeters and by the falling-sphere 
method respectively, is given in Table 8. 
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TABLE 8 


CoMPARISON OF VISCOSITIHS BY THE CAPILLARY-FLOW AND THE 
Fauiinc-SpHERE METHODS 


Viscosities in Poises 


Glass No. Ostwald Viscosimeter Falling Sphere Mean \ 
IN Gaedpcetaye ettinno stele ottectimnavele 3.696 3.64 3.67 
INO Me iis ckcietevinajer ac oiettixetee ate slags 36.61 35.59 36.10 


Among the possible sources of error the temperature effect is per- 
haps the greatest, since the rate of change of viscosity with temperature 
is very great, especially with the more viscous glasses. Therefore, par- 
ticular attention was given to the temperature control. Variations in the 
temperature of the bath did not exceed 0.02-deg. C. during an observa- | 
tion, and sufficient time was allowed for the glass to attain the tempera- 
ture of the bath before any readings were taken. Errors from this source 
were small. 

- Another source of error lies in the fact that the glass was apparently 
not always homogeneous. At times striae could be observed in the mass, 
especially when the cylinders containing the glasses were first put into 
the thermostat. Sometimes the striae would appear after the glass 
had been at constant temperature for a day or so. This was particularly 
true of glasses Nos. 3 and 4. Errors from this source might have been 
greater than those from temperature inequalities, and were much more 
difficult to avoid. 

There was a noticeable concentration of material at the surfaces of 
glasses Nos. 3 and 4, resulting in the formation of a membrane which 
was quite tough in the case of glass No. 4. This membrane was always 
pushed aside with a glass rod before dropping a sphere into the glass, 
but it evidently formed again rapidly, for as the sphere which was 
dropped on the fresh surface would travel down through the glass, a 
slender thread, tracing its path, could sometimes be observed behind it. 
This thread faded out before the sphere had fallen one-third of the depth 
of the glass, except in one or two cases when it could still be observed 
through the telescope of the cathetometer after the sphere had reached 
the center of the cylinder. Occasionally the sphere was enveloped in the 
surface glass, which increased its diameter, and thus vitiated the de- 
termination. This surface phenomenon may have been due to evapor- 
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ition of water, or to adsorption of the solute in the surface, or to both. 
Po prevent evaporation at the surface, the vessel containing the glass 
was always kept closed. 


26. The Capillary-Penetration Method.—The rate at which a liquid 
penetrates a capillary tube may be used to find its viscosity.* When 
2 vertical tube of large bore is used with very viscous liquids which 
wet the tube, and where the rate of flow through the tube is very slow, 
the following expression applies: 


Syl Snh l 
————— ee |} a 


vhere ¢ is the time in seconds required for the liquid to penetrate the 
listance / in the tube of radius r; 7 is the viscosity of the liquid of 
lensity d; h is the depth to which the tube is immersed in the liquid; 
y is the acceleration due to gravity. 

A five liter flask was half filled with the glass to be tested, so that 
the level of the glass on the outside of the tube would not change ap- 
sreciably as the glass flowed into the tube. The flask with the tube 
suspended above the surface of the glass was immersed in the constant 
emperature bath and allowed to remain for a day. When the tube was 
orced below the surface of the glass, preparatory to taking a reading, 
she upper end of the tube was connected with air under pressure to 
yrevent the glass entering. The tube was held in place by means of a 
stopper fitted into the neck of the flask. When a reading was to be 
aken, the air pressure within the tube was released and a stop-watch 
tarted just as the glass entered the bottom of the tube. A cathetom- 
ter was used in measuring the distance to which the glass penetrated 
he tube. Table 9 gives the viscosities of glasses Nos. 5 and 6, determined 
yy this method. The agreement of these results with those obtained by 
he method of the falling sphere is evidently very satisfactory. 


*Washburn, E. W., ‘“‘The Dynamics of Capillary Flow,’’ Phys. Rev. N. 8., Vol. XVI, No. 3, 
i, ; 
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f 
TABLE 9 
VISCOSITIES BY THE CAPILLARY-PENETRATION METHOD 


~ 


Glass No. 5 Glass No. 6— 
Radius, Os tube, GiUajceis cists elalets yeas (oeaceles lepateie ean ae oo eva aze te 0.095 0.308 
Mime OF MOw; SECs sis1e sretetvla aeiesels ctelnasel cto etoresnVarne ele sci elaoeme, s 1 412.2 18 000.0 
Penetration, cm....... 0000. Peaepe oie cs ieie gielote oft a alsiinvels orsieeracatat 2.884 3.304 
Depth to which the tube was immersed, cm..............+-- 4.446 5.458 
GAVIA Ys coe eicle scoinstale ca ere oem feartharcialer eliotn sie sraretitl« akereniste 980.1 980.1 
DGnSiGy OL SIASS crs eiaversyecslele inlay sleterslere sel nnsta fete levetel sverttare! «care ternal 1.447 1.467 
Viscosity of glase, poised. «che. 1s. s*ercteeieis cine © tel melon <niatsuelsls am 13 620. 165 900. * 
iY 
9 
Taste 10 =~ - 
SumMMARY OF VISCOSITIES OF Viscous Liquips 
Values in parentheses are taken from the literature 
Sik Capillary Falling-Sphere Value from Curve of 
Description Temp. Methods Method Fig. 7 
No. or. deg. C. 
Solution 
n log 7 n log n n log » 
1 60% Sucrose 24 (0:4638)) | 0.6663), sss ll Decree ol creer ree 
2 60% Sucrose 0.3 (22880) "| (@. 3674) | scence csc sce tn siete oe ee 
3 Glucose 3.442 0.5369 
d %°/25° = 1.331 25 3.696 0.5677 3.388 0.5299 3.43 0.535 
3.531 0.5479 
4.186 0.6218 
4 Castor oil 24.8 (6.62) €QB2T) | ccorvascy wll @oseepeeco | cateraie cet eee 
/~ 
i Castor oil 21.75 (8.50) (Q.930)! "Ie sere, ho sreys.cige) Yh wees otter > 
6 {Glucose 35.99 1.5562 
d 25°/25° = 1,379 25 36.62 1.5637 | 35.29 1.5477 36.6 1.562 
35.50 1.5502 
7 Glucose 749.3 2.8747 
qd 28°/25° = 1,420 20). | botersuare up  eedeteyebere 743.5 2.8713 764 2.883 
772.0 2.8876 
8 {Glucose 5 699 3.7558 ‘ 
d 25°/25° = 1.436 25 wt ennrcwnnl Meee 5 314 3.7254 3 000 3.475 
5 287 3.7232 
9 Dlucoss and 13 460 4.1291 
extrose 19 13 620 | 4.1342 13 440 4.1284 16 600 4.220 
d 25° /25° = 1 447 13 870 4.1418 
10 Glucose and 163 300 5.2130 
Dextrose 163 300 5.2130 
d %°/25° = 1.470 18.9 165 900 | 5.2199 165 000 5.2175 | 163 000 5.212 
167 600 5.224 
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V. A Srupy or THe Roratinc-CyLinDER MrErTHOD FOR 
Liquips oF HiGeH Viscosity 


; 27. Purpose and Method.—In order to test the applicability of the 

_theoretical equation for the rotating-cylinder method when applied to 

liquids of high viscosity it was decided to make an experimental study 

of the method with a carefully constructed brass apparatus, using the 

series of standardizing glasses whose preparation and standardization 

have just been described. It was especially important to ascertain 
whether the constant of the apparatus, & in equation (2), varied with the 
viscosity of the liquid. 


Ball Bearing 
Wd (rousing 


pie ibe) 
so ES oe 


Brass 
CYlinder 


Fig. 4. Roratinc-CyLINDER APPARATUS 
FoR MBASURING VISCOSITY 
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the height of the liquid. The inner brass cylinder was designed so that it 
would just float when the apparatus was completely filled with water, 
thus removing all weight from the bearings. 


The apparatus was immersed in a tank of water which was main- 


tained at 25 + 0.1 deg. C. 


= § 
28. The Apparatus—The apparatus is shown in Fig. 4. The outer 


brass cylinder was provided with a narrow glass window for measuring 


: 


o 


The torque necessary to rotate the inner cylinder was very small, 
since the friction of the apparatus was very slight. In order to keep the © 


end effect at the bottom of the inner cylinder constant, mercury was 
added, until it just covered the lower end of the floating cylinder. 
This part of the cylinder was lacquered to prevent the brass from being 
attacked by the mercury. The friction due to the mercury was in- 
cluded in the friction constant of the apparatus. 


29. The Experiments.—An attempt was first made to calibrate the 
apparatus with water, but water did not offer sufficient resistance to the 
rotating inner cylinder and consequently a uniform speed of rotation 
was not developed before the falling weights had reached the floor. 
However, some idea of the sensitiveness of the apparatus was gained in 
the test, for it was found that about 0.6 gram was sufficient to just over- 
come the combined friction of the bearings and the water, and to keep 
the cylinder in rotation. 

The same amount of mercury was used in the bottom of the cylinder 
in testing the standard glasses. With each glass the falling weight was 

_varied, imparting different speeds to the rotating cylinder. By counting 
a certain number of revolutions of the inner cylinder and timing them 
with a stop-watch, data were obtained from which the number of revo- 
lutions per minute could be calculated. 

The results obtained with the various liquids studied were graphed, 
values of W/h being plotted as ordinates and values of r.p.m. as 
abscissas. A series of straight lines resulted, all of which passed through 
the zero point, as closely as could be determined. From the slopes of 
these lines (i.e., A = W/h + r.p.m.) the corresponding values of k = 4 /A 
(Table 11) were computed and these values were then plotted against 
the values of log » giving the curve shown in Fig. 5. 
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TABLE 11 


Summary or RESULTS OBTAINED WITH THE BRASS APPARATUS 
Values in parentheses are “‘best’’ values obtained from the last column of Table 10 


A = W/h + (r.p.m.) k= %/A 
0.00622 = 0.0001 74.5 
. es 0.0001 82.1 

< 4 0.0014 a 70.0 86.5 : 
0.0652 + 0.001 101.4 ee 


0.08340 = 0.0005 102.0 

0.3412 = 0.003 (107.2) 103.6 

4.44 += 0.02. 167.3 174.0 (172) 
16.11 =~ 0.05 328 353 (186) 


CERT 
cece 


e 
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60 120 /40 160 /80 200 


Fic. 5. GrapH SHowING VARIATION OF THE ‘‘CONSTANT”’ OF THE 
APPARATUS WITH THE VISCOSITY OF THE Liqguip EMPLOYED 
(For THE APPARATUS SHOWN IN Fia. 4) 


30. Discussion of the Results—The straight lines obtained on plot- 
ting values of W/h against values of r.p.m. show that, regardless of the 
viscosity of the liquid employed, the rate of shearing is directly propor- 
tional to the torque, as is required by the theoretical equation. Since 
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. 


all of the lines meet at a value of W/h close to zero it is evident that 
none of the glasses exhibit appreciable plastic flow, the “yield value” be- 


ing in all cases zero. 


In order to show the relation between the constant of the apparatus — 


and the viscosity of the glass tested the graph shown in Fig. 5 was con- 
structed. From this figure it would appear that the theoretical equation 
of the rotating-cylinder method is valid in the case of the brass apparatus 
for viscosities up to about 3 poises, but that for higher viscosities the 
constant of the apparatus is a function of the viscosity. Stated in another 
way, the ‘‘stirring-friction’”’ viscosity as measured by the rotating- 
cylinder method, in which comparatively large areas and volumes of 
liquid are involved, is identical with the viscosity as measured _ by 
capillary or by falling-sphere methods, in which comparatively small 
areas and volumes of moving liquid are employed, as long as the viscosity 
does not exceed a certain value, this value possibly depending upon the 
dimensions of the rotating-cylinder apparatus.* It would appear, 
therefore, that in measuring the viscosities of very viscous liquids by the 
rotating-cylinder method it is advisable to standardize the apparatus 
with a series of liquids of known viscosities covering the range desired. 
When this is done the method becomes substantially a method of sub- 
stitution, and is independent of any theoretical relationship. In other 
words, the viscosity of a given liquid is ascertained by finding the liquid 
of known viscosity which gives the same results as are obtained with the 
liquid under investigation, when both are measured with the same 
apparatus. 


VI. CALIBRATION OF THE PORCELAIN PoTs AND STIRRERS ~ 


31. Description of the Experiments—The pots and stirrers were 
calibrated by means of the standardizing glasses which were maintained 
at constant temperature. 

In carrying out these calibration measurements the following fac- 
tors were varied in certain experiments, in order to ascertain ‘their 
effect: (1) the depth of the liquid in the pot; (2) the distance between 
the bottom of the pot and the bottom of the stirring cylinder; (3) the 
distance between the axis of the pot and the axis of the stirring cylinder; 
and (4) the angle between the axes of the two cylinders. 


*This point was not investigated nor were any further studies made to determine the cause of the 
apparent variation of k with » since the method of standardizing the porcelain apparatus eliminates 
any possible error from such variation. 
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Three pots and stirrers were calibrated in this way, a series of 
ifferent falling weights being used with each of the standardizing 
glasses. The values of W for each series were then plotted against the 
corresponding values of r.p.m. and from the straight lines thus obtained, 
the values of the slope, W/r.p.m. were read. The logarithms of these 
"values were then plotted against the logarithms of the corresponding 
viscosities of the standardizing glasses, giving the curve shown in Fig. 6. 
From this figure the viscosity of any liquid can evidently be obtained, 


J 


if the value of W/r.p.m. has been determined with this apparatus. 


32. Discussion of the Standardization Data.—In Table 12 are shown 

_ the variations in W/r.p.m. produced by variations in adjusting the 

apparatus. It is evident that errors resulting from these sources are 
within the precision of the measurements themselves. 


TABLE 12 
MAGNITUDE OF ERRORS CAUSED BY VARIATIONS IN ADJUSTMENT OF THE APPARATUS 


Per cent increase in W/r.p.m. 
lass No. 


Variation 


Stirring cylinder off center10mm................... 2.0 
Stirmng cylinder off center 5mm...............++- 1.4 
Per cent error caused by0.5mm.................46. 0.1 
2.0 
0.2 


Pntaicilevel TaIGER: SMM... . . 2s <.c cos eo. occ bisieneece 
Per cent error caused by 0.5mm.............-...-- 


Stirrer given very noticcable eccentricity............ 


The dimensions of the pots and stirrers were found to be so nearly 
constant that it was not necessary to calibrate them all. A careful 
selection was sufficient to insure constant dimensions. In the calibra- 
tion curve of the apparatus shown in Fig. 6, the location of the upper 
portion of the curve, the portion covering viscosities above 1000 poises, 
is evidently somewhat uncertain owing to the irregularity of the points 
for standardizing glasses Nos. 4 and 5. The viscosity data obtained in 
the present investigation are therefore reliable possibly only within 
about 20 per cent for viscosities above 1000 poises. 
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ae Wee 


Fig. 6. STANDARDIZATION CURVE OF THE 
PorcEeLAIN Pots AND STIRRERS 


VII. ViscosITIES OF THE SopA-LIME-SILICA GLASSES 


33. The Compositions Studied—The region of compositions in the 

soda-lime-silica system within which glasses are obtained on cooling 

- the melt has been studied by Gelstharp and Parkinson* and by Peddle.t 

On the basis of the results of these investigators the region 1-5-2 in Fig. 
7 was selected for study in the present investigation. 


34. Preparation of the Glasses.—Three stock glasses having the com- 
positions indicated by the points 1, 2, and 5, respectively, in Fig. 7 were 
made up by melting together ec. p. soda, ¢. p. precipitated calcium car- 
bonate, and optical-glass sand. On analysis the resultant glasses had 
the compositions shown in Table 13. 


*Gelstharp, F., and Parkinson, J. C., ‘‘The Limits of Proportions of Soda- -Lime-Glasses,’’ T rans. 
Amer. Ceram. Soc., Vol. 16, p. 109, 1914. 

tPeddle, J. C., ‘“The Development of Various Types of Glass,’”’ Jour. Soe. Glass Tech., Vol. IV, 
pp. 1-107, 1920. 
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Fig. 7. RANGE or Compositions INVESTIGATED 


TABLE 13 
COMPOSITIONS OF THE STOCK GLASSES 


Composition (per cent by weight) 


Glass No. 
SiOz Na2O CaO AloO3 +Fe203 
1 47.6 51.8 Mercier | 0.6 
2 82.3 17.3 mite 0.4 
5 62.7 14.3 22.6 0.4 


After completing the viscosity measurements on the three stock 
glasses and on two mixed glasses, samples of each were sent to the 
Corning Glass Works for analysis. The results of these analyses are 
shown in Table 14. 
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TABLE 14 
ANALYSES OF GLASSES 


No. 1 No. 2 No. 5 No. 12 No, 16 
SiO 48.31 81.80 62.83 72.25 64.95 
NaO 46.70 16.65 12.50 13.93 18.65 
K20 0.24 0.07 not dt. not dt. not dt 
Fe:O3 0.05 0.03 0.05 0.05 0.05 
AlsOs 1.79 0.50 0.67 O72 0.49 
CaO O.OL none 23.11 12.06 15.72 
MgO 0.08 none 0.17 0.20 0.08 
Loss 1.50 0.77 0.34 0.24 0.41 
Total 98.68 99.82 99.67 99.44 100.35 


By mixing the stock glasses in proper proportions glasses of any 
desired composition lying within the region 1-5-2 of Fig. 7 could be 
prepared. The compositions assigned to the various glasses are shown 
in Table 15. 


TaBLeE 15 


CoMPOSITIONS OF GLASSES INVESTIGATED 
Computed from a weighted average of the values in Tables 13 and 14 


PER CENT BY WEIGHT 


Glass No. 
SiOz Na2O _ Cad 

iL 49.7 50.35 | ee eee 

2 82.6 17.4. ~® ee 3 Ree 

3 70.0 SOLO Ce A a ie 

4 60.0 40.0")... |" 9 gabe 

5 63.0 13.6 23.4 

6 60.5 20.0 19.5 

if 68.1 21.9 10.0 = 
8 70.0 20.0 10.0 ~ 
9 54.25 38.0 7.75 

10 70.0 10.0 20.0 

12 72,25 15.1 12.1 

13 73.5 16.5 10.0 
14 73.0 12.0 15.0 

15 67.5 15.5 17.0 

16 64.95 19.3 


= 
aI 
for] 
oO 
f=) 
ww 
o 
o 
oO 
f=) 


35. Filling the Viscosimeter.—In filling the viscosimeter the same 
weight, 675 grams, of glass was always used. The variation in density 
with composition and with temperature was not great enough to cause 
variations in the glass level on the stem of the stirrer of sufficient amount 
to influence the results appreciably. When uniform temperature had 
been attained in the melt the measurements were begun. 
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36. The Results—The experimental data obtained with glass No. 8 
are given in Table 16 and the data obtained with all glasses are plotted 
n Figs. 8and 9. Interpolated values of the viscosity at even tempera- 
ture intervals are given in Table 17. 


TABLE 16 
Data OBTAINED WitH Guass No. 8 


pains No. fe 
wei tevolu-| Time Temp. M 
tions | Seconds | deg. C. | TP-m. |W/r.p.m_| aN Log (- “ x 102) Log. 4 | 


4 3 19.2 9.38 0.426 
> 4 3 19.0 1470 9.50 0.421 0.423 1.6263 1.68 
4 3 33.2 5.42 0.737 
4 3 33.4 5.40 0.740 
4 2 22.2 1394 5.40 0.740 0.739 1.8686 1.985 
10 3 19.2 9.38 1.067 
10 3 19.0 9.50 1.052 F 
10 3 19.4 1337 9.30 1.075 1.064 2.0269 2.18 
10 3 26.8 6.730 1.48 
10 3 26.4 6.815 1.46 
10 3 26.8 1301 6.730 1.48 1.475 2.1688 2.35 
10 3 35.4 5.08 1.967 
10 3 35.2 5.12 1.952 
10 3 35.4 1261 5.08 1.967 1.962 2.2927 2.497 
10 3 54.4 3.31 3.02 
19 3 54.2 3.21 3.11 
10 3 54.6 1213 3.30 3.03 3.05 2.4843 2.723 
20 3 39.4 4.57 4.37 
20 3 39.0 4.61 4.34 
20 2 26.2 1175 4.58 4.36 4.358 2.6393 2.900 
20 3 57.4 3.140 6.37 
20 3 57.2 3.145 6.35 
20 3 57.2 1136 3.145 6.35 6.35 2.8028 3.080 
40 3 53.2 3.38 11.82 
40 3 53.2 3.38 11.82 
40 3 53.0 1088 3.39 11.78 11.80 3.0719 3.385 
140 3 34.6 5.21 26.90 
140 3 34.2 5.26 26.62 
140 3 34.4 5.23 26.75 
140 2 22.8 1026 5.26 26.62 26.7 3.4265 3.753 
240 2 35.0 3.43 70.00 
240 2 34.8 3.45 69.6 
240 2 34.8 967 3.45 69.6 69.73 3.8434 4.193 
240 1 43.8 1.37 175.1 
240 1 43.8 1.37 175.1 
240 1 44.0 915 1.36 176.0 175.4 4.2440 4.515 
240 1 128.6 0.466 | 515.0 
240 1 129.0 850 0.465 | 516.0 515.5 | 4.7122 5.130 


37. The Viscosity Surface-—Isothermal space models were con- 
structed showing the variations in viscosity with composition at tem- 
peratures of 1500, 1400, 1300, 1200, 1100, 1000, and 900 deg. C., 
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respectively. Fig. 10 shows such models. The contour lines connect the 
compositions which have the same value of log 7 at given temperatures. 
These contour lines were projected on the triaxial field as shown in Fig. 
11, and the resulting diagrams are shown in Figs. 12-18. The term isokom* 
is suggested for identical values of n. The values for log 1 indicated on 
the diagrams may be transformed into isokoms by taking the antiloga-_ 
rithms. i 
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Fig. 12. Loa Isoxoms at 900 pEa. C. 


38. Interpolation from the Triaxial Diagrams.—To illustrate the 
use of the triaxial diagrams in ascertaining the viscosity of a given glass 
at a given temperature the following example is given: 

Required to find the viscosities at 1365 and 980 deg. C. respectively 
for a glass having the composition 70.2 SiOz, 13.1 Na,O, 16.7 CaO, with 
small amounts of MgO and R203. This composition represents a typical 
window glass. 

The procedure is as follows: (1) Locate the position of the point 
representing the given composition on each of the triaxial diagrams; 
in the present instance this will be the point P in Figs. 12-18. (2) Obtain 
the corresponding value of log » from each diagram; for the point P 
these values are indicated on Figs. 12-18. (3) Plot these values against 
corresponding values of temperature (see Fig. 19). (4) From the curve 
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obtain the values of log 4 at the desired temperatures; thus, from Fig. 
19 we find for 1365 deg. C.,log 1 = 2.25, and for 980 deg. C., lox 

= 5.25. (5) Find the corrésponding antilogarithms; this gives for 
the present example y for 1365 deg. C. = 1800 poises, and y for 980 deg. 
C. = 180 000 poises. 


39. Relation between Viscosity and Composition —Figure 20 shows a 
log-isokom diagram at 1300 deg. C. expressed in mole per cent. No 
simple relations between viscosity and composition are evident. In the 
absence of any knowledge of the phase-rule diagram of this system cor- 
relation between the viscosity data and the positions of eutectics, bound- 
ary curves, etc., cannot be made. It is of interest to note that on some 
of the diagrams the viscosity of certain glasses can be decreased by in- 
creasing the percentage of silica. 
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VIII. Discussion oF THE RESULTS 


40. Accuracy and Precision of the Results —On examining the curves 
shown in Fig. 8 it is evident that, with one or two exceptions, the points 
obtained for each glass fall fairly close to a smooth curve. This shows 
a very satisfactory degree of precision both in obtaining uniform tem- 
perature and in measuring it, and also in determining the value of 
W/r.p.m. 

The precision of the measurements is greater than their accuracy, 
especially for viscosities above 1000 poises for the reason explained in 
Section 32. Above 1000 poises the results are probably accurate within 
20 per cent, and below 1000 poises, within 10 per cent. The precision is 
probably 5 per cent or better. 
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41. Devitrification—The peculiar shapes of certain of the curves, 
in Fig. 8 (e.g., those for glasses Nos. 5, 6, and 9) are possibly due to @ 
partial devitrification of the glasses at the lower temperatures. Glass 
No. 5, for example, was found to be completely devitrified when the pot 
had cooled down to room temperature. Owing to the fact that the phase- 
rule diagram for the system Na,O-CaO-SiO, has never been determined, 
it is not possible to ascertain what portion of the temperature range 
studied falls within the region of stable homogeneous liquids. In one or 
two instances after the viscosity—temperature curve had been com- 
pleted, when the temperature was raised and another measurement made 
at one of the higher temperatures, a value different from that shown by 
the curve was obtained. This was probably due to a partial devitrifica- 
tion of the glass resulting in a different system in the second measure- 
ment. It is thus not certain that the values at the lower temperatures 
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Fig. 16. Log Isoxoms at 1300 pEa. C. 


belong either to stable or to homogeneous systems. For further light on 
this question it is necessary to await the determination of the phase-rule 
diagram of the system. 


42. Influence of Dissolved Carbon Dioxide-—Some of the more alka- 
line glasses contained quantities of dissolved CO, and in order to deter- 
mine whether the presence of this constituent had an appreciable influence 
upon the viscosity a quantity of glass No. 9 was melted in a vacuum 
furnace until evolution of CO, had ceased. The CO,-free glass was then 
studied in the viscosimeter at two temperatures and the points thus ob- 
tained are those marked V on the curve for this glass in Fig..8. Since 
these points fall close to the curve obtained before removing the CO, 
it is evident that any influence produced by the presence of this constitu- 
ent is within the experimental errors of the measurements. 
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Fig. 17. Loc Isoxoms at 1400 pEa. C. 


43. Influence of Alumina.—Since all of the glasses contained small 
quantities of alumina, less than 1 per cent in most cases, resulting from 
a slight corrosion of the pots used in melting, it seemed desirable to de- 
termine what effect was produced on the viscosity by increasing the 
amount of this constituent. For this purpose 5 per cent of AlsO3 was 
dissolved in glass. No. 12 which, according to the analysis shown ir 
Table 14, already contained 0.7 per cent of this constituent. The re- 
melting perhaps increased the total of Al,O3; to 6 per cent. A viscosity 
run was then made on this glass with the results shown in Fig. 8, curve 
12A (points on curve plotted as squares). 

This increase in Al,O3 produced a very considerable increase in the 
viscosity except at the higher temperatures (1300 deg. C. and above. 
and at 960 deg. C., where the new curve crosses the old one. The maxi 
mum increase in viscosity occurs at about 1100 deg. C. where the presence 
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of the Al,O3 increases the viscosity from 4000 to 8000 poises. If we 
assume that the increase in log 7 is proportional to the increase in Al,O; 
up to 6 per cent, then one per cent of Al,O; would produce an increase of 
0.05 in log n and the value, 4000 poises, obtained for glass No. 12 at 
1100 deg. C. would be in error by 500 poises, or about 12 per cent. 
This is within the estimated accuracy of the measurements, and it is 
probable that the small amounts of Al,O; present in the glasses investi-- 
gated did not produce errors greater than the estimated accuracy of the 
viscosity measurements themselves. Moreover, since commercial 
glasses of this type also contain small amounts of Al,O3 from the same 
sources, the practical value of the data obtained in the present investi- 
gation is not materially impaired by the small quantities of this con- 
stituent which were present in the glasses studied. 
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44, Absence of Plastic Flow.—As in the case of the glucose glasses, 
the yield value of the molten glasses is zero, that is, they flow as viscous 
liquids, not as plastic solids. For example, using the following data> on 
glass No. 6, at 1190 deg. C. 


Falling Weight No. of Time r.p.m. 
Grams Revolutions Seconds 

3 50.8 3.64 

4 3 48.8 3.69 

4 3 Diez 3.51 

4 3 50.2 3.59 

10 3 19.6 9.21 

10 3 19.8 9.10 


we obtain two equations 

4=3.64m+b 

10 = 9.10 m +b 
where m is the slope of the curve, and b is the intercept on the vertica 
(or falling weight) axis. From these equations it is found that b =0 
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and this agrees with the fact that, on annealing, all strains can be 
eliminated from glass, which would not be the case if it behaved as a 


plastic solid. 


45. Improvements in the Method.—The apparatus employed in the 
present investigation has all the precision required. Some improve- 
ment in temperature control could perhaps be made, but the two princi- 
pal factors which limit the accuracy of the results are: (1) errors in the 
calibration curve for the apparatus, and (2) the contamination of the 
glass by the porcelain containers. If the second of these sources of error 
were eliminated, it would be worth while to eliminate the first one also. 
To eliminate the second source of error it would be necessary to use 
platinum melting pots, to line the containing cylindrical vessel of the 
viscosity apparatus with platinum, and to cover the stirring cylinder 
with platinum up to a short distance above the surface of the glass. 
Since it would be difficult to remove the glass at the end of the run with- 


50 ILLINOIS ENGINEERING EXPERIMENT STATION 


out injuring the platinum, it would probably be impossible to make 
measurements on more than one glass without renewing the platinum — 
protection. Thus, while it would be entirely possible to eliminate all 
errors resulting from contamination of the glass, it would be very ex-_ 
pensive. a 

To eliminate errors due to the calibration curve for the apparatus 
it would be necessary to make a more careful measurement of the 
viscosities of the standardizing liquids, and it should be entirely feasible 
to prepare a standardizing curve which would be accurate to within 1 or 
2 per cent. It would not, however, be worth while doing this unless the — 
second source of error were eliminated. 


IX. SuMMARY 
46. Summary of Results ——The principal results of the investigation 
are as follows: 

(1) An apparatus based upon the Margules rotating-cylinder 
method was constructed for measuring the viscosities of silicate 
glasses over a wide range of temperatures. The apparatus consists 
of a porcelain pot containing the glass, a hollow stirring cylinder 
driven by a system of falling weights and a platinum resistance fur- 
nace for producing and maintaining a uniform temperature on all 
sides of the pot. Thermocouples are inserted against the side of the 
pot, against its cover, and on the bottom of the inside of the ro- 
tating cylinder. 

(2) The apparatus was standardized by means of a series of 
glucose glasses covering the range of viscosities to be studied. The 
viscosities of the standardizing glasses were determined by three 
methods: the capillary-flow method, the falling-sphere method, 
and the capillary-penetration method. From the calibration curve 
of the apparatus thus obtained, the viscosity of any glass measured 
in the apparatus can be determined independently of any knowledge 
of the theory of the apparatus, the method being substantially one 
of substitution. 

(3) The viscosities of sixteen soda-lime-silica glasses covering 
the composition area of commercial glasses of this type were meas- 
ured over the temperature range of 800 to 1500 deg. C. The viscosi- 
ties ranged from 0.05 to 200 000 poises. 

These results are presented in the form of a series of isothermal 
projection diagrams with the aid of which it is possible to ascertain 
the viscosity of any glass at any temperature within the range of 
compositions and temperatures studied. 
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Part II 


! 
SURFACE TENSIONS OF GLASSES AT HIGH TEMPERATURES 


X. INTRODUCTION 


| 47. Purpose and Scope of the Investigation —The purpose of this 
investigation was to develop a convenient and accurate method for 
measuring the surface tension of molten glass at high temperatures, and 
to apply this method to that portion of the soda-lime-silica system which 
includes the commercial glasses of this type. The first portion of this 
discussion deals with the development and testing of the method; the 
second part presents the data obtained by applying this method to some 
of the above mentioned glasses at two temperatures. 


48. Requirements of the Method.—The measurement of the surface 
tension of molten glass involves dealing successfully with the two con- 
ditions of high temperature and high viscosity. Either condition alone 
can be and has been met by successful methods already developed and 
described in the literature of the subject. To meet both conditions 
simultaneously, however, proved to be a matter of considerable diffi- 
culty as practically all of the numerous methods heretofore employed for 
surface tension measurements are inapplicable to liquids of high viscosity 
at very high temperatures. 


XI. Historicau 


49, Previous Work on the Determination of the Surface Tension of 
Viscous Liquids and of Liquids at High Temperatures.—The very ex- 
tensive existing data on the surface tensions of liquids are, with few 
exceptions, confined to liquids of low viscosity and to ordinary or to but 
moderately elevated temperatures. Some work has, however, been done 
at furnace temperatures, although with two exceptions, upon substances 
having very small viscosity. 

An excellent critical review and discussion of previous work at high 
temperatures has been given recently by Jaeger* and may therefore be 
omitted here. Jaeger himself developed the bubble-pressure method so 
that it would give reliable results for liquids of moderate viscosity at 


*Jaeger, F. M., “(ber die temperaturabhangigkeit der molekularen freien Oberflichenenergie von 
Flissigkeiten,’”’ Zeit. anorg. allgem. Chemie, Vol. 101, pp. 1-214, 1917. 
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temperatures up to 1650 deg. C., but he found the method unsatisfactory ; 


even for liquids as viscous as glycerine at 0 deg. C. 
None of the methods heretofore employed for high temperature 
experiments gave promise of success with a liquid such as molten glass, 


with the possible exception of the Quincke drop-shape method.* By : 
using carbon as the supporting surface it was found possible to apply q 


this method to a few glasses and to secure some surface tension data. 
The method is, however, not convenient and the results not particularly 
reliable except for purely comparative purposes. For such purposes, 
however, it is probable that an apparatus based upon this method could 
be perfected for use with some types of molten glass. 

Some measurements of the surface tensions of very viscous liquids 
have been recently made by Nisi,t who used a method based upon the 
measurement of the interference fringes produced in the space between 
the surface of the liquid and a flat plate, a method obviously not appli- 
cable at high temperatures. 


50. Previous Attempts to Determine the Surface Tension of Molten 
Glass—Of attempts to measure the surface tension of commercial 
glasses at high temperatures there appear to be but two recorded in the 
literature of the subject. Tillotsont sought to secure a comparison of the 
surface tensions of a series of commercial glasses in the neighborhood of 
their softening temperatures (not measured) by determining the weight 
of the drop which fell from the end of a fiber of the glass as it was fed 
into the flame of a blast lamp. His results are given in dynes per centi- 
meter, and are consistent and reproducible when carried out under 
similar working conditions. They will be discussed later in connection. 
with the results of this investigation. i 

In some recent work by Griffith§ the object in view was the verifi- 
cation of a theory concerning the phenomena of rupture and flow in 
solids. For this work a knowledge of the surface tension of a solid was 
required. Griffith chose a glass having the percentage composition 
SiO; = 69.2, NasO = 0.9, Al,O; = 11.8, CaO = 4.5, MnO = 0.9, K,0 = 
12. He obtained the surface tension of this glass by the Quincke drop- 
shape method at 1100 deg. C. (no details given), also between 900 deg. 


*Pogg. Ann. 134:°356; 135: 621, 1868. 
; {Nisi, H., “Measurement of Capillary Constants of Viscous Liquids by Means of Interference 
Fringes,’’ Proc. Phys. Math. Soc., Japan, Ser. (3), Vol. 1, p. 40, 1919. 


fTillotson, E. W., ‘‘Surface Tension of Molten Glasses,” Jour. Ind. Eng. Chem. Vol. 3, p. 631; 
1911. Ibid., Vol. 4, p. 651, 1912. 


§Griffith, A. A., ‘The Phenomena of Rupture and Flow in Solids,” Phil. Trans. Roy. Soc., 
Lon., Ser. A, Vol. 221, p. 163, 1920. 
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. and 730 deg. C. by measurements of the sag in fibers of the glass about 
-2inches long and from 0.002 inch to 0.01 inch in diameter, suitably 
Supported, when weights were suspended from their mid points. From 
these data the surface tension was obtained at 15 deg.C. by extrapolation. 
For the particular glass in question the surface tension was found to be 
approximately a linear function of the temperature. Since this paper 
contains the only published values of absolute surface tensions of a 
: commercial glass, at stated temperatures, the results are appended. 


Temperature an Sees oye eet 1110 905 896 852 833 820 801 760 745 
Surface tension, dynes percm.... 403 418 4388 486 445 436 450 446 439 


t 


XII. PRELIMINARY STUDIES 


51. Procedure-—The most promising way of attacking the problem 
of devising the method and apparatus in question appeared to be that 
of testing, at room temperature and with viscous liquids, a variety of 
methods which seemed to offer possibilities of successful development 
for high temperature application. This procedure possessed the ad- 
vantage that at room temperature the capillary-rise method was avail- 
able as a standard with which to compare the results yielded by the other 
methods tested. 


52. Preparation of the Viscous Liquids.—For this purpose four vis- 
cous liquids ranging in viscosity from 10 to 4000 poises were prepared by 
dissolving rosin in benzyl benzoate. The Jow vapor pressure of the 
solvent obviates all difficulty due to evaporation and consequent change 
in viscosity. The compositions, densities, and surface tensions of these 
solutions are given in Table 18. The surface tensions were determined 
by the capillary-rise method, using glass capillaries and approaching the 
equilibrium from both directions. 


TABLE 18 
DENSITIES AND SURFACE TENSIONS OF THE Four Viscous Trust Liquips 


Grams Rosin . 
f Per cent . Surface Tension 
Solution No. : per 100 grams Density 
onus Rosin Bencante Dynes/em. 

1 58 140 1.098 29.001 +0.0053 
2 62 160 1.095 30.120 +0.0024 
3 64 180 1.099 29.713 + 0.0079 
4 67 200 1.096 29.920 +0.0011 
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53. The Capillary-Rise Method.—In the capillary-rise method a i 
capillary tube was partly immersed in the liquid contained in a large — 
glass dish. The height to which the liquid rose in the tube above the ~ 
level of the liquid in the dish was measured by means of a cathetometer — 
measuring to 0.002 mm. The mean diameter of the bore of the tube was — 
determined by weighing a known length of mercury contained in the 
capillary. Identical results were obtained on approaching the equili- 
brium from both directions. 


54. The Drop-Weight Method.—The drop-weight method in which 
the weight of a drop of the liquid falling from a standardized “drop- 
weight” tip is measured, has been thoroughly investigated and used 
with good results upon liquids at ordinary temperatures.* Onattempting 
to determine the surface tension of the viscous liquids by this method, | 
however, it was found that instead of a drop gathering at the tip and 
then breaking free, as is the case with mobile liquids, the viscous liquids 
showed a marked tendency to string out into a thin stream. Further 
study of the ‘‘drop-weight’”’ method was therefore temporarily abandoned 
and was not later resumed owing to the perfection of a more convenient 
method. 


(a) (6) 

Wher (he cylinder 7s At the instant the til or 
tirst formed, aru common cylinder 1s broker, AW7Y « 
tanger plane to ring ANA common targer? plare 1s 
CYlINAEr 15 VETI1EA/. hot vertical. 


Fig. 21. Principles OF THE SuRFACE-Rinqg METHOD OF 
MEASURING SuRFACE TENSION 


55. The Surface-Ring Method.—The surface tension of slightly 
viscous liquids has been determined by measuring the force necessary to 
pull a ring out of the surface of the liquid. For this method to be appli- 
cable the liquid must wet the material of which the ring is composed. 
When a lifting force is applied to such a ring, a film of liquid is pulled 


A eer ae pe oe ie F. ee “The Determination of Surface Tension and the Weight of 
alling Drops: e Surface Tension of Water and Benzene by th i -Hei i 
Amer. Chem. Soc. Vol. 41, p. 449, 1919. Se ee ee ee 
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above the surface. This film is a hollow cylinder based upon the ring 
(see Fig. 21a). If this cylindrical film breaks while the cylinder is suffi- 
ciently short so that its diameter is uniform throughout, then the sur- 
‘face tension will be equal to the total force applied to the ring divided 
by twice its circumference. 

The above statement further assumes that the common tangent 
plane to the ring and film at all points of contact is vertical. In practice, 
however, it is found that just before breaking, this tangent plane is not 
vertical, the relation between the ring and film being as illustrated in 
Fig. 21b. For this reason it is necessary to calibrate the apparatus against 
a liquid of known surface tension before using, although in so doing, it is 
assumed that conditions of contact are the same with the standardizing 
liquid as with the liquid whose surface tension is to be determined. 

The experiments using the principle discussed above were carried 
out with a Du Nuoy surface tension apparatus. This apparatus* con- 
sists of a horizontal torsion wire to which is fastened an arm in such a 
way that when the torsion wire is twisted the arm moves in a vertical 
arc. The torsion is read by means of a vernier scale marked in arbitrary 
units. Suspended from the arm on a platinum wire is a small platinum 
ring, 

This torsion balance was first calibrated by means of “thiophene 
free’ benzene. The mean of ten readings gave 0.7246 + 0.0007 as the 
constant of the apparatus. Measurement of the surface tensions of the 
viscous liquids was then attempted. The cylindrical films of the viscous 
solutions rose high above the level of the surrounding liquid (as high as 
5 mm.), and showed a distinct hour-glass shape, being contracted at the 
mid section. When such a film breaks it is obvious that the breaking 
force will be smaller than it would be if the cylinder were of uniform 
diameter, that of the ring, throughout; while the fact that the ring in 
moving up is working against viscosity tends to give too high a reading. 
Whether the actual reading is too high or too low depends upon which of 
these effects predominates. 

Hence, although the surface-ring method is useful for rapid measure- 
ments with liquids of moderate viscosities, it is not reliable when used 
on very viscous liquids. This conclusion is amply corroborated by a 
comparison of the following results with those obtained by the cap- 
illary-rise method (Table 18): 


HETCHUTLCL NO Re ler eee yates «sie oa Sie 9 1 2 3 4 
Surface Tension at 20 deg.C..... 38.95 88.95 38.77 38.77 


*Described in Jour. Gen. Physiol., Vol. 1. pp. 521-524, 1919. 
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56. The Dipping-Cylinder Method.—L. Wilhelmy* has described 


a method wherein a vertical plate, hung from one arm of a balance is ‘ 


first weighed in air, and again when partially immersed in a liquid. 


The difference in weight together with the dimensions of the plate and 


the density of the liquid give sufficient data for calculating the surface 


tension of the liquid. His experiments were restricted to liquids of low 


viscosity. 
To adapt Wilhelmy’s method to the conditions met with in viscous 
liquids the following modifications were devised: Instead of a plate a 


cylinder is used. This cylinder is suspended from a sensitive spiral — 
spring. The telescope of a cathetometer is focussed on a point at the — 


lower end of the spring and a reading taken. The liquid to be investi- 
gated is then slowly raised until its surface just touches the lower edge 


of the cylinder. Immediately the cylinder sinks into the liquid, drawn | 


down by the capillary forces. A second reading is then taken. From 


these readings, the dimensions of the cylinder, the density of the liquid, 


and the calibration constant of the spring, the surface tension of the 
liquid may be calculated. Experiments by this method gave excellent 
results and the method was adopted for use on molten glass. 


57. Theory of the Dipping-Cylinder Method.—Consider a cylinder 
of circumference L dipping into a liquid to the depth h. If the angle of 
contactt is 6, then the force due to surface tension acting on the cylinder 
is 2Ly and the vertical component of this force is 2Ly cos @ acting 
downward. The buoyant force of the liquid acting upward is Lhdgw 
where d is the density of the liquid, w the thickness of the cylinder, and 
g the acceleration due to gravity. Hence, the resultant force acting 
downward is = 


F = L (2y cos 6 — hdgw) (6) 


If the cylinder is suspended from a spring which, due to the force 
F, elongates by an amount E then F = mg = kgE where m is the mass 
that must be hung on the spring to elongate it by the amount E, and k 
is the mass necessary to elongate it by a unit amount. 


*Wilhelmy, L., ‘Uber die Abhingigkeit der Capillaritiits Constanten des Alkohols von Substanz 
und Gestalt des benetzten festen Korpers,”’ Pogg. Ann., Vol. 119, p. 177, 1863. 
tSee, however, Sec. 67 helow. 


The angle of contact is the angle between the axis of the cylinder and a line drawn tangent to the 
meniscus of the liquid at the point of contact between the liquid and cylinder. 
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Substituting in (6) gives 


ial eGete =o 7) 


ee 
7 


____ It has been noticed by Wertheim* that the height and shape of the 
liquid in contact with different partially immersed metals depends 
upon the nature of the metal. In other words, if L’ is the apparent length 
_of the meniscus, the true or effective length, which is different (due to 
the microscopic irregularities present even in highly polished surfaces), 

is k’L’ where k’ is constant for the particular piece of metal, that is, 


L=hk'L' (8) 


With regard to the angle of contact, it has been found by Magief 
that for a large number of organic liquids which wet glass the angle 
of contact is zero, but that for a few such liquids the angle does not 
vanish. Ramsay and Shieldst found similar results for water, and 
Kellas§ showed that molten sulphur behaves similarly. 

Richards and Carver§ showed that for liquids that wet glass the angle 
of contact-is zero provided rapid-evaporation is not permitted. Finally 
Bosanquet and Hartley** investigated by more accurate methods the 
liquids found by Magie to give an angle of contact greater than zero 
and found that for these too the angle vanished. 

Now all the liquids employed in the present investigation wetted the 
platinum cylinder, and in view of the work just mentioned it appears 
justifiable to assume that the angle of contact is zero. With this assump- 
tion, equation (7) becomes 


k dw 
PT Protea oe) iE 9 
of tne =) g (9) 


since h = E by the method of operating. 


*Wertheim, M. G., ‘““Memoire sur la Capillarité,”” Annales de Chim. Phys., Vol. 63, p. 129, 1861. 

+Magie, W. F., ‘Contact Angle of Liquids and Solids,’’ Phil. Mag., Vol. 26, p. 162, 1888. 

tRamsay, Wm., and Shields, J., “‘Molecular gewichte der Flissigkeiten,’’ Zeit. Phys. Chem., Vol. 
12, p. 433, 1893. : Py 

{/Kellas, A. M., ‘Determination of the Molecular Complexity of Liquid Sulphur,’’ Jour: Chem. Soc., 
Vol. 113, p. 901, 1918. ; . 

§Richards, T. W., and Carver, E. K., ““A Critical Study of the Capillary-Rise Method of Deter- 
mining Surface Tension,” Jour. Am. Chem. Soc., Vol. 48, p. 827, 1921. 

**B osanquet, C. H., and Hartley, H., ‘‘Notes on the Angle of Contact,’’ Phil. Mag., Vol. 42, p 456, 


1921. 
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The thickness of the cylinder obtained by calipering it at points a 
centimenter apart around its circumference was 0.0136 + 0.00021 cm. 

To determine k’ the cylinder was standardized against water and 
benzene with the results shown in Tables 19 and 20. 


TABLE 19 
DETERMINATION OF k’ By MEANS OF BENZENE 
First Reading Second Reading Bek 
Cylinder hanging free Cylinder immersed 
106.540 106.016 0.524 
106.548 106.026 0.522 
106.548 106 .020 0.528 
106.540 106.014 0.526 
106.548 106.024 0.524 


Mean 0.525=0.0022 


vy for benzene (Harkins) = 28.88 
Substituting in equation (9) gives k’ = 0.661+0.0024 


TABLE 20 
DETERMINATION OF k’ By MEANS OF WATER 


First Reading Second Reading h 
Cylinder hanging free Cylinder immersed E= 
106 . 542 105.206 1.336 
106.500 105.206 1.294 
106.514 105.200 1.314 
106.526 105.202 1.324 
106.500 105.200 1.300 


Mean 1.314 0.0052 


y for water (Harkins) = 73.800 
Substituting in equation (9) gives k’ = 0.661 + 0.0023 


~~ 


58. Calibration of the Cylinder and Spring.—A platinum cylinder 
12.17 cm. in apparent external circumference was employed in the ex- 
periments. It was suspended from a sensitive ‘Jolly balance’’ spring, 
and the system was calibrated. The value of k (gram per centimeter of 
elongation) was 0.8076 + 0.0057. Substituting, therefore, the values 
k’ = 0.661, L’ = 12.17, w = 0.0136, and k = 0.8076 in equation (9) 
gives 

y = (50.20 + 6.80d) 0.9801E (10) 


59. Experiments with Viscous Liquids——With the use of the cali- 
brated cylinder and spring, measurements of the surface tensions of the 
four viscous test liquids were carried out. The experimental procedure 
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consisted i in making readings with the cathetometer every ten minutes 
unt a constant reading was obtained. 

The results are shown in Table 21. It will be seen that the dipping- 
cylinder method gives results with viscous liquids which show satis- 
factory agreement with those obtained by the capillary-rise method, 
in fact, the results obtained with the dipping cylinder seem to be fhe 
more reliable, doubtless owing to the uncertainty in the value for the 
radius of the capillary at the locus of the meniscus in the capillary tube. 
Of all the methods examined or tested, the dipping-cylinder method is 
the only one which appeared to fulfill all of the requirements for work 
with molten glass and it was therefore adopted. 


TABLE 21 


CoMPARISON OF THE DippING-CYLINDER AND THE CapILLARY-RiszE MeErTuHops or 
: DETERMINING THE SURFACE TENSION OF Viscous Liquips 


Reading Reading Elongation - c 
Liquid before after of Spring Surface Tension | Surface Tension 
No. Immersion Immersion E=h Dipping-Cylinder} Capillary-Rise 
cm. em. cm. Dynes per cm. Dynes per cm. 
1 104 .392 103 .861 0.531 30.09 29.001 
+0.003 +0.003 +£O0N17 +0.0053 
2 104.974 104.441 0.533 30.15 30.120 
+0.002 +0.002 +0.12 +0.0024 
3 104.981 104.443 0.538 30.41 29.713 
+0.003 +0.002 OL D7, +0.0079 
4 104.984 104.444 0.540 30.51 29.920 
+0.0005 +0.0005 +0.03 +0.0011 


XIII. Toe Apparatus AND ExPERIMENTAL PROCEDURE 


60. Apparatus and Procedure—The glass to be investigated is 
heated in the platinum-resistance pot furnace illustrated in Fig. 22. 
The platinum cylinder suspended on a platinum wire from the Jolly 
spring hangs about five centimeters above the surface of the molten 
glass, the platinum suspension wire passing through a small hole in the 
cover and heating element as shown. 

Temperature is measured by means of a platinum—platinum-rho- 
dium thermocouple dipping just below the surface of the molten glass. 

The procedure of a determination is as follows: The furnace is 
charged, the cylinder and upper heating element are put into place, and 
the platinum wire, on which the cylinder is suspended, is connected to 
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Fic. 22. Furnack AND APPARATUS FOR MrAsvurine THE 
SurracE TENSION OF GtLAss AT HIGH 
TEMPERATURES 


the Jolly spring. The current is then turned on and the charge brought 
to the desired temperature. A reading is taken with the cathetometer 
telescope trained on a pointer fastened to the suspension wire. The 
entire furnace is then slowly raised by means of the elevating screw until 
the surface of the molten glass just touches the lower edge of the cylinder. 
This point is readily noticed by the observer on looking through the 
cathetometer telescope, since the cylinder is immediately jerked down 
by the capillary forces when the surface of the liquid touches it. After 
the initial downward motion starts the pointer continues to fall slowly. 
The operator follows it with the cross hairs of the telescope until no 
further motion is visible. Readings are then taken at five minute inter- 
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als until three successive readings check. The hate may then be 
pressed down slightly and allowed to rise to the equilibrium position 
ain. 

Equation (9) must be modified for use in the case of high tempera- 
ures to allow for the expansion of the platinum cylinder. This correc- 
tion is small and the value 0.00001 will be used as a sufficiently close 

‘approximation to the coefficient of linear thermal expansion of platinum. 
H The circumference of the cylinder will increase to L’ (1 + 0.000012) 
and the thickness to w (1 + 0.00001 é) where ¢ is the temperature of the 
molten glass. 

Equation (10) then becomes 


50.20 
= eee ee 6.80 (1 +t x 10-5)d 9801H 11 
fe jae (+tx )2] 0.9801 (11) 


61. Some Experiments with Molten Sodium Chloride—By using the 
apparatus and procedure just described the surface tension of liquid 
sodium chloride at two temperatures was measured, with the results 
shown in Table 22. 

TABLE 22 
SurFrace TENSION oF FusED Soprtum CHLORIDE 


y 
Temp. |Readingbefore|Reading after E d lind Y 
deg. C. Immersion Immersion (Jaeger) bro (Jaeger) 
857 108 .757 106.799 1.958 1.512 115.2 109.9 
945 108.735 106.900 1.835 1.458 107.4 103.6 


The results marked ‘‘Jaeger’”’ are those obtained by this observer through the use of the bubble- 
pressure method. 


XIV. Tur SurFACE TENSIONS OF THE SopA-LimE-SILIcA GLASSES 


62. The Field Covered.—The field covered was the same as that 
covered by the viscosity measurements described in Part 1, the samples 
studied being taken from the cooled melts after the completion of the 
viscosity measurements. All the glasses employed in the viscosity 
measurements were studied, with the exception of Nos. 1, 11, and 14, 
samples of which were not available. 


63. The Density Data.—Since density appears in equation (10) in a 
small correction term only, the densities do not need to be known to a 
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very high degree of accuracy. Indeed, as will be shown in section 70, 
by a slight modification of the method the density can be eliminated ’ 
from the equation. The density data employed in this investigation — § 
were taken from the thesis of S.H.Li.* The apparatus and method by? 
which the densities of the molten glasses were measured were identical 
with those employed for the surface tension measurements except that 
a solid platinum sphere was substituted for the platinum cylinder, © 
and this sphere was completely submerged when the second reading ~ 
was taken. The surface tension in this instance acted only upon the — 
small suspension wire, and its influence appeared as a small correction 
upon the buoyant effect of the glass. 

The density data thus obtained at 1206 and 1454 deg. C. are given 
in Table 23. The densities at intermediate temperatures were obtained 
by linear interpolation. 


TABLE 23 
Density (In Arr) or GuassEs AT 1206 pra. C. AND 1454 pue. C. 


Glass No. Density 1206° C. Density 1454° C. 
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64. Results—The surface tension data for the soda-lime-silica 
glasses are given in Table 24. Two determinations were made at each 
temperature upon each glass with identical results in every case. The 
equilibrium position of the cylinder was the same whether approached 
from above or below and was not changed when the cylinder was moved 
about laterally on the surface of the glass. 


*Li, 8S. H., “Densities of the Soda-Lime-Silica Glasses at High T 
Tee a ae a at High Temperatures,’’ Bachelor’s Thesis 
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TABLE 24 
Surracr TENSION READINGS wiTH SopA-Lime-SinicA GLASSES 


B; E Surface tension 
ines dynes per cm. ny 
oO. At 
1206° C 1454° C. 1206° C. 1454° C, 
Pl eee! oc Zee, Soe a. s. GS ey I (a ces 
3 2.526 2.296 164.0 148.8 0.061 
4 2.442 2.358 156.1 153.6 0.010 
5 2.472 2.404 164.1 158.7 0.022 
6 2.450 2.422 159.6 128.0 0.013 
if 2.339 2.285 150.0 145.9 0.0165 
8 2.410 2.212 153.6 140.4 0.054 
9 2.596 2.411 165.4 153.7 0.047 
10 2.516 2.452 164.0 156.4 0.031 
12 prereaa Bowe ie meter sae 151.6 0.030 
13 2.552 2.464 166.9 159.4 0.030 
15 2.406 2.246 158.7 145.4 0.0546 
16 2.319 2.139 150.1 138.6 0.0465 
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Fig. 23. Surracn-Tensron Space Mope. at 1454 pee. C. 
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65. The Isoepitatic Lines.*—For each temperature a model was 
constructed. The model so constructed was placed in a large glass box — 
and water run in to different levels. At each level a line was painted on 
the model thus giving a series of lines corresponding to equal surface : 
tensions. Such a model with the equi-surface-tension lines is shown in : 
Fig. 23. 

The points on the equi-surface-tension lines were then projected — 
upon the base giving a triaxial diagram with the “contour” lines as 
shown in Figs. 24 and 25. These lines are the loci of glasses having the — 
same surface tension. ; 

A direct comparison of these results with those of Tillotson and of | 
Griffith (see Section 50) cannot be made owing to the difference in the 
compositions of the glasses studied. It will be noted, however, that the 
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Fic. 24. Isomprraric Linus ar 1454 pra. C. 
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*At the suggestion of Dr. W. A. Oldfather these have been called ‘‘Isoepit 
Greek (iod¢, equal, éxi, upon and tdstc, tension), Ce a 
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Fig. 25. Isorprratic Lines at 1206 pza. C. 


values given by Griffith are much larger than those obtained in the 
present investigation. Tillotson’s values, on the other hand, are of the 
same order of magnitude. 


66. Interpolation from the Isoepitatic Projections —In order to illus- 
trate the use of Figs. 24 and 25 for finding the surface tension of a given 
glass consider a typical window-glass composition, 70.2 per cent SiOz, 
13.1 per cent Na,O, 16.7 per cent (CaO + small amounts of MgO and 
R203). This composition is represented by the point P in Figs. 24 and 25. 
By interpolation y for 1454 deg. C. = 151.8 and y for 1206 deg. C. = 


162.1, and — = =(.041;. For any temperature between 1206 and 1454 
t 


deg. C. an approximate value for 7 can be computed by using this tem- 
perature coefficient. 
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XV. A MopiFIcaTION OF THE MetTHop WHIcH ELIMINATES 
THE Necessity oF KNOWING THE DENSITY OF THE GLASS 


67. Method—No data are available in the literature on the subject — 
of the density of glass at high temperatures. The determination of this ‘ 
property is tedious and requires a platinum ball of considerable size. — 
For these reasons, as well as to make the cylinder method self-sufficient — 
for the determination of surface tension, the following modification was — 
devised: . 
The cylinder is suspended on a platinum wire from the spring above 
the molten glass and a reading, A,is taken with the cathetometer trained — 
upon a pointer on the suspension wire, while the cylinder hangs free. 
The furnace is then raised by means of the screw until the surface of the 
glass just touches the lower edge of the cylinder. The latter is immedi- 
ately jerked down, and after equilibrium is established a second reading, 
B,, is taken. The furnace is then raised or lowered a known amount, 
H, and after equilibrium is reached a third reading, Be, is taken. This 
gives sufficient data to determine y without the density of the glass, as 
follows: 

From equation (7) since 6 = 0 and in general h¥ E, and making the 
corrections for temperature noted above, 
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From the second reading EH = h = A — B, which by equation (12) gives 
2y __—k(A-Bi) 

9 kLid+tX10-) 

w(A— By) (1+tx 10-5) 


From the third reading H = A — By, h = A — B, + H (plus sign if 
furnace is raised, minus if it is lowered), This by (13) gives 


2y _ _k(A— By) 


g k’L' (1+tX 1075) 
w(A— B+ H) (1+tX10-5) (15) 


d= 


((14) 
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Equating (14) and (15) and solving for y, 
dé +k(A—B,) Hg 
Momevae'l? (ict 10st) (Ai Be) 
(plus signs when furnace is raised, minus when it is lowered). 


(16) 
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In this equation (16) everything is known but y, and the density does not 
appear. Putting in the values of k, k’ L’ and g as given above 


+ 50.20 (A—B,) HX0.9801 


Y= 4tx10-9 (Bi— BE) ne 


68. Resulis—As an example of the use of this method, and in order 
to check it against the method in which the density is obtained separate- 
ly, the surface tension of glass No. 3 was measured. Let the method in 
which the density is separately determined be called Method No. 1, 
and that in which the density is not required, Method No. 2; let the 
corresponding values of y be y: and y2, respectively. The values of 
yi and 2 are shown in Table 25. 


TABLE 25 
SurracEe Tension or Guass No. 3 sy Meruop No. 2 


A Bi Be H ee C. 72 71 
116.164 113.866 112.744 4.462 1454 148.7 148.8 
113.043 3.244 149.2 148.8 
113.644 112.646 4.020 1206 162.9 164.0 
113.764 3.512 163.5 164.0 


XVI. THE CHANGE IN SURFACE TENSION WITH TEMPERATURE 


69. Method.—To determine the general shape of the surface-tension- 
temperature curve one of the more fluid glasses (No. 16) was chosen, 
The surface tension was determined by Method No. 1, beginning at the 
temperature of 1454 deg. C. and cooling about 20 deg. per hour, a reading 
being taken every hour. The results are given in Table 26 and Fig. 26. 


70. Discussion.—Fig. 26 shows that between 1300 and 1450 deg. C. 
the surface tension of glass No. 3 is approximately a linear function of 
the temperature. The mean temperature coefficients between 1206 and 
1454 deg. C. for all the glasses studied are shown in Table 24. The largest 
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TABLE 26 
Tue VARIATION or SURFACE TENSION WITH TEMPERATURE. GLASS No. 16 


Temp. Reading before Reading after E y 

deg. C. Immersion Immersion 
1454 110.519 108.399 2.120 137.2 
1397 108.356 2.163 140.0 
1356 108.300 2.219 143.7 
1314 108.260 2.259 146.3 
1289 108.232 2.287 . 148.2 
1248 108.212 2.307 149.4 


1206 108. 200 2.319 150.1 


A 
value of -= there shown is 0.061 for glass No. 3. Expressed in 


per cent this would be about 0.04 per cent per degree. For a typical 
window glass composition the corresponding value is 0.025 per cent per 
degree. This is a very small temperature coefficient when compared, for 


° 


example, with that of water at room temperature, which is 2.3 per cent _ 


per degree. 
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Fic. 26. Variation or SurFacr TENSION wiTH TEMPERATURE 
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XVII. Summary 
71. Summary of Results —The principal results of the investigation 


l. as follows: 


; 
; 


(1) An apparatus was devised for the rapid and accurate 
measurement of the surface tension of molten silicate glasses at high 
temperatures. The apparatus consists of a cylinder of platinum foil 
suspended immediately above the liquid glass, the suspending wire 
passing out through a small opening in the top of the furnace and 
being in turn attached to the bottom of a sensitive vertical spiral 
spring. On raising the pot of glass until contact is made with the 
bottom edge of the platinum cylinder, the cylinder is drawn into the 
surface of the glass until the surface tension forces are balanced by 
the extension of the spiral spring. By measuring the extension of 
this spring with a cathetometer, the surface tension of the glass 
ean be calculated. The equilibrium position of the cylinder in the 
glass surface can be approached from both directions with the same 
result. The apparatus was calibrated by using liquids of known sur- 
face tensions. 

(2) With this apparatus the surface tensions of fourteen glasses 
were measured at 1206 and 1454 deg. C. respectively. The values 
obtained varied from 128 to 167 dynes per cm. penal upon the 
temperature and composition of the glass. 

(3) Surface-tension—space models were constructed for each 
of the two temperatures and projections of a series of lines of con- 
stant surface tension were prepared for each surface. From these 
projection diagrams the surface tension of any glass within the 
range of compositions covered by the investigation may be obtained 
for each of these temperatures. The compositions investigated in- 
clude all the commercial soda-lime-silica glasses. 

(4) The temperature coefficient of the surface tension at the 
temperatures measured was found to be very small, varying be- 
tween 0.02 and 0.04 per cent per degree centigrade. 


